Recent investigations in this laboratory have shownl 2 that the isocitrate-(or citrate-) activated form of liver acetyl CoA carboxylase (E.C. 6.4.1.2) is a large protein structure having a molecular weight of about four million. Electron microscopic examination of the carboxylase in the presence of isocitrate reveals' that it has a filamentous structure with dimensions of SG-100 A by up to 5000 A. Reversible dissociation to inactive protomeric subunits (molecular weight 409,000) occurs2 at low enzyme concentration in the carboxylation assay reaction mixture in the absence of isocitrate or at higher enzyme concentration in the presence of 0.5 M NaCl at pH 8.0. Reconstitution to the active filamentous form can be accomplished either by addition of isocitrate (or citrate) or by removal of NaCl and introduction of isocitrate by dialysis.
The carboxylation of acetyl CoA catalyzed by liver acetyl CoA carboxylase involves the following two partial reactions (reactions 1 and 2): Over-all: ATP + HCO3-+ acetyl CoA = ADP + Pi + malonyl-CoA. ( 3)
The occurrence of these reactions has been well documented by appropriate exchange reactions,3 by direct demonstration of enzyme-C'402-formation4 5 (from enzyme, ATP, HC1403-, and Mg2+ or enzyme and 3-C'4-malonyl CoA) , and by carboxyl transfer from enzyme-C'402-to acetyl CoA to form malonyl CoA. 4' 5 It has been observed by Matsuhashi et al.3 and confirmed in our laboratory that P32i-ATP exchange (reaction 1) and C'4-acetyl CoA- Green.9 All other preparations and methods not described herein were as previously reported.1' 2 Malonyl CoA decarboxylation reaction: The rate of malonyl CoA decarboxylation was determined using a basic reaction mixture which contained the following components (in M4moles, unless specified): Tris (Cl-) buffer, pH 7.5, 30; 3-C14-malonyl CoA (specific activity, 6.4 X 106 cpm per jmole), 0.02; acetyl CoA, 0.03; potassium DL-isocitrate, 5; glutathione (GSH), 1.5; ethylenediaminetetraacetate (EDTA), 0.1; and acetyl CoA carboxylase, 4-12 Mug, in a total volume of 0.5 ml. The reaction was initiated by the addition of enzyme, allowed to proceed for ten minutes at 250, and was terminated by addition of 0.1 ml of 6 N HCl. An aliquot was taken to dryness in a scintillation counting vial at 85°for 30 minutes, water and scintillator were added, and residual acid-stable C'4-activity was determined using a liquid scintillation spectrometer.
Preparation of enzyme-C1402-: Enzyme-C1402-was prepared by incubating acetyl CoA carboxylase (1-2 mg of protein) with the following components (in Mmoles): Tris (Cl-) buffer, pH 7.5, 70; ATP, 2.5; MgCl2, 10; NaHC1403 (specific activity, 20 Muc per Mumole), 10; potassium DL-isocitrate, 2; and GSH, 4, in a total volume of 1.2 ml for one minute at 37°. After the addition of 30 ,moles of potassium EDTA (pH 7), the mixture was applied to a 2-X 25-cm Sephadex G-25 column equilibrated with 0.01 M Tris, pH 8.2 (at 40) containing 0.1 mM EDTA and 5 mM 2-mercaptoethanol. The column was eluted (at 40) with the same buffer and the eluate fractions containing enzyme-C'402-were pooled. The enzyme was carboxylated to the extent of 95-100 per cent as calculated from the stoichiometric relationship between protein content and alkali-stable radioactivity. The efficiency of "-C'402-" transfer from enzyme-C'402-to acetyl CoA (to form 3-C'4-malonyl CoA) in the presence of isocitrate and acetyl CoA at room temperature ranged from 45 to 55 per cent. Incomplete transfer is attributable to the rather rapid rate of decarboxylation of enzyme-C'402-in the presence of acetyl CoA and isocitrate (see Results).
Results.-Two classes of activator effects are expected in allosteric systems,'0 namely, Vm or Km effects, which bring about variations in catalytic activity or affinity for substrate (or cofactor). The isocitrate-and acetyl CoA-activated decarboxylation of malonyl CoA call be described by the following minimal reaction sequence which is consistent with our experimental findings:
E(A-CoA) + CO2 E + CO2 E represents the enzyme; M\i-CoA, malonyl CoA; and A-CoA, acetyl CoA. U34-acetyl CoA-malonyl CoA exchange, which involves only the reversible reactions 1', 2', and 3', is considerably faster than the decarboxylation of malonyl CoA under comparable conditions either in the presence or in the absence of isocitrate. Therefore, either reaction 4' or reaction 5', both of which involve the decarboxylation of a "carboxylated" enzyme species, must be rate-limiting in malonyl CoA decarboxylation. Since removal of acetyl CoA by a trapping system (e.g., arsenate and phosphotransacetylase or oxaloacetate and citrate-condensing enzyme) drastic-C02-ally reduces the rate of malonyl CoA decarboxylation, it is apparent that E (A-CoA) C02-undergoes decarboxylation (reaction 4') more rapidly than E (reaction 5'). Mlore direct evidence from studies on the decarboxylation of enzyme-CO2-per se which are described in the next section, supports the contention that both isocitrate and acetyl CoA affect the reactivity of the labile carboxyl group of enzyme-C02-and hence its susceptibility to decarboxylation.
Activation of the decarboxylation of enzyme-C02-by isocitrate and acetyl CoA: The above-mentioned investigations on the decarboxylation of malonyl CoA indicated that isocitrate and acetyl CoA activate the rate-limiting step, i.e., the decarboxylation of enzyme-CO2-. These findings were corroborated in a more direct manner by following the rate of decarboxylation of enzyme-C402-(1'-N-C'4-carboxybiotinyl enzyme) per se in the presence and absence of isocitrate and/or acetyl CoA. The results of ten experiments revealed that isocitrate at a concentration (10 mM) which maximally activates the over-all carboxylation. reaction, also activates the decarboxylation of enzyme-CO2-(at pH 7.5 and temperatures ranging from 11 to 25°). This is reflected in the shortening of the half life of enzyme-C02-at 250 from 20 minutes to 6-7 minutes and corresponds to a three-fold increase in the first-order decarboxylation rate (see Fig. 2 ). An even greater increase (about eight-fold) in the "apparent" decarboxylation rate is promoted by low concentrations (5 gM) of acetyl CoA. When both isocitrate and acetyl CoA are present, the rate of enzyme-CO2 decarboxylation is increased by at least 24-fold as shown in Figure 2 . The latter rate actually exceeds the upper reliability limit for this method. It should be noted that in the experiments in which acetyl CoA was added (5 uMM), the equilibrium described by reactions 1', 2', and 3' in the preceding section would be rapidly established. Hence, the method used to follow the decay of "'-C1402-" in this case measures the sum of the rates of decay of enzyme-C'402-and 3-C14-malonyl CoA. This leads to an underestimation of the rate of decarboxylation of enzyme-C1402-since the concentration of the rate-determining species, i.e., enzyme-CO2-, would be lower (calculated to be approximately 50% lower initially) 13 in the presence of acetyl CoA than in its absence. It is is apparent from the experiments described that the simultaneous presence of isocitrate and acetyl CoA renders enzyme-CO2-more susceptible to decarboxylation, presumably due to conformational changes in the carboxylase which enhance the reactivity of the 1'-N-carboxyl group of carboxybiotinyl-enzyme. Evidence indicating that conformational changes occur in the vicinity of the biotinyl prosthetic group of the carboxylase is presented in the next section.
Accessibility of the biotinyl prosthetic group to avidin in the activated carboxylase; correlation to the state of carboxylase aggregation: Avidin, the specific biotin-binding protein from egg white, forms extremely tight stoichiometric complexes with biotin14' 15 (KD = 10-15 M) and the biotinyl moiety of enzymes.'6 The rate of inactivation of acetyl CoA carboxylase by avidin would be expected to be influenced by changes in the environment of the biotinyl prosthetic group. Evidence is presented in Table 1 that isocitrate, which induces large conformational changes in the carboxylase, markedly protects the enzyme from inactivation by avidin. Partial protection from avidin by acetyl CoA is also evident. Even more striking, however, is the nearly complete protection that results when both isocitrate and acetyl CoA are present. The effect appears synergistic since more than additive protection results; in other experiments with different avidin and carboxylase potassium DL-isocitrate and 0.075 ,mole of TIME, minutes acetyl CoA. One min at room temperature was allowed for "'-C140,-" transfer to acetyl CoA, after which 0.1 ml of 6 N HCl was added. cid-stable C'4-activity (as 3-C'4-malonyl CoA) was theni determined as described in Experimental Procedure. The ordinate in the fig., i.e., mumoles of "Enz-C'402-", represents acid-stable C'4-activity as malonyl CoA after the transfer reaction (see text for explanation). concentrations, this effect is more evident. Although the experiment illustrated in Table 1 was conducted at 00, essentially the same pattern was obtained at 25°.
Citrate is as active as isocitrate, malonate is only partially active, and tricarballylate is completely inactive in preventing inactivation of the carboxylase by avidin. A similar pattern of activation of the carboxylase-catalyzed carboxylation reaction is observed for these di-and tricarboxylic acids. It has been established2 that a competitive kinetic relationship exists between malonyl CoA and isocitrate and also between malonyl CoA and acetyl CoA. Malonyl CoA which promotes2 the dissociation of the polymeric to the protomeric form of the carboxylase also increases (Table 1 ) its susceptibility to inactivation by avidin. ATP-Mg (HCOj-) has an effect similar to that of malonyl CoA. These results indicate that the biotin prosthetic group is more susceptible to avidin in the protomeric than in the polymeric form of the enzyme and that a conformational change at the active site is probably associated with the transition between these forms.
The possibility that the protective effect of acetyl CoA is associated with an aggregation of the carboxylase was investigated by the sucrose-density-gradient centrifugation technique. It was evident that acetyl CoA alone causes a limited, but reproducible, increase in the sedimentation velocity of the carboxylase. Fur The mechanism by which isocitrate promotes catalytic activity has been explored by studying malonyl CoA and enzyme-C02-decarboxylation since these constitute minimal reactions which are uncomplicated by a requirement for ATP, ADP, Pi, HCO3-, or Mg2+. While these decarboxylations are comparatively slow with respect to the over-all acetyl CoA carboxylation reaction, variations in their rates are indicative of the reactivity of the labile-carboxy group of enzyme-CO2-. It has been found that isocitrate activates the decarboxylation of malonyl CoA and also shortens the half life of enzyme-C02-. In addition to isocitrate, the decarboxylation of malonyl CoA exhibits a nearly absolute requirement for acetyl CoA. Furthermore, acetyl CoA alone markedly activates the decarboxylation of enzyme-C02-( enzyme + C02) and in combination with isocitrate leads to at least a 24-fold increase in the rate of this decarboxylation. This strongly suggests that both isocitrate and acetyl CoA increase the reactivity of the labile carboxy group of the carboxylated enzyme. These results are interpretable in terms of a mechanism in which it is visualized that the conformational change induced by isocitrate brings a proton-donating group into closer proximity with the ureido carbonyl of the biotinyl prosthetic group. Protonation of the ureido carbonyl oxygen would lead to polarization of the N-carboxy C-N bond. This promotes labilization of the N-carboxy group and accounts for the activation of both decarboxylation and transfer to acetyl CoA. Since acetyl CoA causes a limited, but reproducible, aggregation of the carboxylase it may, like isocitrate, lead to conformational changes which have the same net effect on the relationshiD of the biotinyl moiety to adjacent groups.
That activation by isocitrate and acetyl CoA is accompanied by conformational changes in the vicinity of the biotinyl prosthetic group is supported by the protection from avidin inactivation afforded by these activators. This suggests that in the presence of isocitrate (or citrate) and acetyl CoA the biotinyl prosthetic group is less accessible to avidin possibly because of greater shielding by neighboring groups
